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INTRODUCTION 
While  studying  the  process  of  contraction  in  blood  coagulating 
under normal and abnormal conditions, red corpuscles were observed 
in the microscope field which were markedly  larger or markedly smaller 
than normal.  Moreover these peculiar forms appeared in the same 
preparations which had not shown them previously.  As a  survey of 
the literature revealed no similar observations, the formation of these 
structures was studied.  It became necessary to follow the fate of the 
same corpuscle for hours at times in order to obtain definitive evidence 
that a normal red corpuscle could change into a macrocytic or a micro- 
cytic form.  The following descriptions therefore do not represent a 
mere  record of isolated  morphological observations  linked together 
by hypothesis, but  they represent a  more or less extensive series of 
functional and morphological changes that  were directly observed in 
one specific cell or group of cells during the course of seconds, minutes 
or hours; examples are given in the outline drawings and their legends 
which accompany this article. 
Technique 
The blood specimens were studied chiefly in hanging drop preparations without 
the addition of any diluent or foreign substance.  Ordinary micro culture slides 
with two wells 18 ram. wide and  1.5 ram.  deep were used.  The cover-slips were 
the thinnest obtainable.  Both slides and cover-slips were cleaned with a Bon Ami 
* A  preliminary note was published in Proc. Soc. Exp. Biol. and Med.,  1930, 
27,  620. 
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suspension, washed in distilled water and with 95 per cent undenatured alcohol, 
then dried with a soft cotton cloth.  Before use both were flamed with a Bunsen 
burner. 
The preparation was sealed with petrolatum which had been boiled in water on 
3 successive days.  The vaseline was applied to the four edges of the cover-slip 
before taking the blood drop. 
All observations were made with a Zeiss apochromat microscope and a 3 mm., 
1.4 N.A. oil immersion objective, except in some earlier  work where a  2  ram., 
1.3 N.A. oil immersion lens was used.  The oculars employed were K  10, K  15 
and K  20.  The magnifications therefore ranged between 600 and 1200; the lower 
magnification was used most frequently. 
Measurements were made with an ocular micrometer (K 7 X) calibrated with a 
stage micrometer ruled in 0.01 ram.  One scale division of the ocular micrometer 
with the 3 mm. objective and a tube length of 160 ram. equalled 2.6#.  An error 
in the  estimation of 0.1  of a  scale division thus  represents 0.3~.  Though  all 
measurements recorded in this paper therefore may possess an error  of 0.3#, it 
was deemed best to record them just as they were noted in  the protocols. 
A Zeiss filament lamp with Florence flask light filters furnished the light. 
The blood was obtained from 10 apparently normal human subjects; 10 dogs; 
31  rabbits, and 21  guinea pigs.  The present report is based on more than  100 
satisfactory preparations and  each  one  was  under  continuous  observation  for 
periods lasting 1 to 6 hours.  The slides were generally reexamined after 24 and 
48  hours,  at  times also  after  72  and  96  hours.  In  some  favorable  instances 
observations were possible 12 to 14 days after the preparation had been made. 
Human blood was obtained by puncturing the congested finger tip with a tri- 
angular needle; in the other animals an ear vein was cut transversely.  The site 
was always shaved when necessary and then cleansed with undenatured alcohol. 
The first drop was wiped off with gauze and the next freely flowing drop of appro- 
priate size was  touched to a  flamed cover-slip rimmed with vaseline and  then 
inverted over the well of a slide. 
All specimens were generally prepared between 9 a.m. and 3 p.m.  All observa- 
tions were made at room temperature. 
The hemoglobin content was determined with a Dare hemoglobinometer before 
taking the sample for microscopic examination. 
The red corpuscles of the various species were round or slightly oval discs, light 
yellowish brown in color, and all exhibited a  more or less marked delle in the 
beginning of the examination.  The transverse diameter varied in the different 
species and  in  the  species itself.  In  normal,  male  human  blood,  variations 
between 5.6 to 8.4# were observed; the ordinary range however was less marked: 
7.8 to 8.4#.  In dog the average transverse diameter was 7.8/~.  In rabbit, chiefly 
males, the extremes noted were 5.0 to  7.8#,  the usual fluctuation being 6.5  to 
7.5/~.  In the adult male guinea pig the diameter ranged between 6.0 to 8.4/~.  1 
1 For comparison see Biirker, K.,  in Bethe, A.,  yon Bergmann,  G.,  Embden, JOHN A~ER  553 
OBSERVATIONS 
Definition  of Macrocyte and Microcyte.--In  the following pages the 
term macrocyte means a giant red cell which has been formed by the 
fusion of two erythrocytes; it has generally the same hemoglobin tint as 
a normal red corpuscle; its shape is round or slightly oval with a trans- 
verse diameter  of  10#-4-;  there is no delle; thickness measurements 
could not be made, but the general shape seems to be discoid since 
most of the visible surface lies in one focal plane. 
The term microcyte means a  disc-shaped red corpuscle which has 
been seen forming  from an apparently  normal red corpuscle;its diameter 
is 5~ -4-; its thickness on rolling over varies between 2.5 to 3# (rabbit), 
and then it appears as a brownish yellow cylinder with rounded ends 
and parallel sides, though occasionally a  slight entasis is observable; 
there is no delle and the hemoglobin tint is originally always much 
deeper than that  of a  normal red corpuscle.  No  reliable thickness 
measurements  were  obtainable  on  macrocytes  or  blood  shadows. 
These microcytes are probably identical with the bodies described 
by Quincke  2 in pernicious anemia and perhaps also with those noted 
by Eichhorst  3 in the same disease.  In Eichhorst's report, however, 
the diameter is given as one-quarter that of a  normal red corpuscle 
which would be approximately 2#; Quincke reports their diameter as 
4  to 6#.  In my work the microcytes were astonishingly uniform in 
diameter measuring approximately 5/~. 
The Formation  of Macrocytes.--In  the following description no dis- 
tinction is made between the various species of blood because the basic 
processes were the same in all.  It may be emphasized again that the 
present study describes the progress of changes which were seen in a 
selected single cell or group of cells.  Necessarily a complete series of 
observations on one cell was obtained in relatively few preparations, 
but  these were invaluable because they could  serve as  trustworthy 
guides in interpreting fragmentary evidence. 
After a hanging drop preparation is made, immediate examination 
G., and Ellinger, A., Handbuch der normalen und pathologischen Physiologie, 
Berlin, Julius Springer, 1928, 6, 1st half, pt. 1, 15. 
2 Quincke, H., Deutsch. Arch. klin. Med., 1877, 20, 19. 
s Eichhorst, H., Centr. reed. Wissemch., 1876, 14, 456. 554  RED  CORPUSCLES,  MACROCYTES,  AND  MICROCYTES 
of the thin,  peripheral plasma serum edge usually discloses laking red 
corpuscles  and  shadows.  Careful  inspection  of  this  area  sooner  or 
later reveals numbers of corpuscle pairs which touch each other to a 
varying degree; the delle of each is slightly marked or imperceptible. 
If such a couple is continuously examined it may be seen that the site 
of contact gradually increases until  the two discs form an oval mass 
encircled at or near its equator by a delicate groove.  Careful focussing 
discloses  a  whitish  line  in  the  middle  of  this  groove  and  this  line 
represents the apposed or fusing surfaces of contact.  These apposed 
surfaces  form  a  single  septum  which  generally  remains  perceptible 
for some time.  The septum finally disappears but its presence may 
still  be  indicated  by slight  peripheral  indentations  of the  contour. 
Later these disappear also and now a round or slightly oval macrocyte 
is seen whose transverse diameter approaches or exceeds 10# and in 
which no septum can be detected (Fig.  1,  Group A).  This rounded 
macrocyte possesses no delle and its entire surface seems to be prac- 
tically in one focal plane; its hemoglobin tint is apparently identical 
with that of a  normal red corpuscle.  None of these fused corpuscles 
was ever definitely seen in profile, but the evidence given indicates a 
disc shape. 4 
Fusing corpuscles of this  type may be observed within  2 minutes 
after making the preparation,  and the process may be complete in 10 
minutes  or  less.  After  its  formation  the  macrocyte  may  show  no 
apparent  change  for many minutes;  within  30 minutes  however the 
structure  usually  begins  to  pale.  This  fading  often  takes  place 
abruptly and occasionally is initiated by a  slight  general jerk which 
does not deform the contour of the macrocyte.  Now in less than  1 
second the hemoglobin has left the giant corpuscle and only a shadow 
of  the  same  size  and  contour  remains.  This  astonishing  speed  of 
hemolysis accounts for the sudden disappearance of corpuscles which 
were lost while the eye was momentarily glancing at some other section 
of the field.  For example a  giant corpuscle without septum or delle 
and with the hemoglobin tint of a normal red corpuscle was carefully 
4 Several times macrocytes were observed slowly changing from a round to an 
oval shape and then back to the original round contour; possibly this represents a 
rolling over of the corpuscle; it may, however, have been caused by variations in 
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observed for 44 minutes.  Only a slight paling in color became notice- 
able and the outline of the cell had exhibited slight, local, transitory 
bulgings  during this period.  This  macrocyte suddenly  disappeared 
while the eye was inspecting another portion of the field.  There were 
no currents or sudden contractions of the field at the time.  The newly 
formed shadow may exhibit a slight yellow tint or it may be paler than 
the  background. 
The process outlined above does not always  advance as  smoothly 
as the description perhaps indicates, nor does it always end in hemoly- 
sis.  The stages intervening between the moment when two red cor- 
puscles  touch  and  the  laking  of  a  resultant  giant  form may vary 
considerably in duration in different samples of blood from the same 
species and from different species.  The fusion may be completed in 
2 minutes; it may consume 25 minutes or more; the fusion may remain 
incomplete, a median septum being visible up to the time of hemolysis; 
or finally the two apposed corpuscles may separate after a time without 
any change in contour or hemoglobin content. 
Fusion occurs not only  between two apparently  normal red corpuscles; 
it may be observed between a  red corpuscle and a microcyte (Fig.  1, 
Group B) or between two microcytes (Fig. 1, Group C).  The course 
of events is essentially the same in all. 
Washed Corpuscles.--A  number  of  experiments on  the  incidence 
of  fusion  in  washed  rabbit  and  guinea  pig  corpuscles  were  made. 
About 0.5  cc. of blood was shaken with 9  cc. of mammalian Ringer 
solution and then centrifuged.  This was repeated 4  to 6  times and 
then a  hanging drop was prepared.  In  these slides fusing red cor- 
puscles were noted after 2 to 4 hours, except in one instance where 21 
hours elapsed.  In this latter instance the fusions were exceptionally 
plentiful. 
Stagnating Blood.--Some  experiments were also made to study the 
influence of stasis on the production of macrocytes.  The stasis was 
produced in the rabbit by damping the lateral ear vein after folding the 
ear longitudinally; in the human subject the finger was tightly com- 
pressed by means of a  rubber tube after congestion had set in.  The 
duration of stasis varied between 5  to  10 minutes.  Both in rabbit 
and human blood,  fusing corpuscles appeared 5  to  8  minutes  after 
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normal conditions.  In both kinds of blood the transverse diameter of 
normal  corpuscles  was  diminished: in  the  rabbit  for  example,  the 
transverse diameter varied between 5.2 and 6.5# and the hemoglobin 
tint of each corpuscle appeared deeper.  5 
Bone Marrow and Spleen Pulp.--In a few animals a rib was resected 
under morphine anesthesia,  and  a  few days later  the medulla was 
pithed  and  the  spleen  removed at  once.  It  was  necessary to  add 
Ringer solution to the expressed bone marrow and spleen pulp in order 
to prevent drying during examination.  No fusing or fused red cor- 
puscles were seen at all in these preparations of the rabbit and guinea 
pig.  Fibrin threads were practically absent and only a  few spindle- 
shaped  corpuscles were observed. 
Formation  of Microcytes.--Four  methods have  been  observed by 
which microcytes develop from normal blood corpuscles in hanging drop 
preparations. 
1.  If the blood clots fairly rapidly, the periphery of a hanging drop 
shows  spindle-  or  pear-shaped  red  corpuscles.  These  changes  are 
caused by the pull of fibrin threads attached to the corpuscle.  6  During 
observation one of these corpuscles may be abruptly deformed to  a 
lozenge  shape;  after  a  pause,  with  equal  abruptness  a  star-shaped 
figure appears without any alteration of hemoglobin tint.  Suddenly 
the remaining anchoring fibers snap or relax and the angular structure 
recoils with vigor into  a  round form with short,  stubby projections 
at  the  sites  where  the  fibrin  threads  pulled.  The  visible  area  is 
definitely smaller than that of the original corpuscle, the hemoglobin 
tint  is  deeper  and  a  delle  is  not  detectable.  In  a  few  additional 
seconds the stubs disappear and now a perfect smooth microcyte with a 
transverse diameter of 5/2 has been formed (Fig.  1,  Group D).  The 
whole process may be complete in less than 1 minute. 
Complete series of this type were seen not only in the guinea pig 
s For the literature bearing on variations in corpuscular size see Bttrker, K., 
in Bethe, A., yon Bergmann, G., Embden, G., and Ellinger, A., Handbuch der 
normalen und pathologischen  Physiologie,  Berlin, Julius Springer, 1928, 6, 1st half, 
pt. 1, 11. 
e The contraction of these fibrin filaments will be described in a  subsequent 
paper.  A preliminary note was published in Proc. Soc. Exp. Biol. and Med., 
1930, 27, 618. JOHN A~E~  557 
but also in rabbit and human blood.  In rabbit blood the time con- 
sumed was 2 minutes and 80 minutes in human blood. 
2.  A second method is as follows: A red corpuscle is stretched by two 
opposite fibrin threads into a  spindle form.  During observation the 
spindle  corpuscle becomes smaller, generally symmetrically, and the 
hemoglobin tint deepens until a  spindle-shaped microcyte is formed 
(Fig. 1, Group E).  The change may be complete in 3 minutes; it was 
observed in dog, rabbit and guinea pig. 
At times one may observe repeatedly that the same spindle corpuscle 
becomes thinner  and  longer and then shorter and thicker.  During 
the stretching period a few small projections may appear on a section 
of the corpuscular surface.  After formation of the microcyte these 
projections appear as short, pointed crenations which disappear in a 
few minutes. 
3.  The third method was observed in a  rabbit  blood  preparation 
25 hours old.  This blood had coagulated and a section of the peripheral 
clot  as  well  as  of  the  centre had  sunk  away from  the  cover-slip. 
Adjacent parts of the periphery exhibited round or oval red corpuscles 
arranged in a single layer like an epithelioid border.  These corpuscles 
showed no  delle,  even  on  oblique  illumination  and  measured 6.5# 
in diameter.  While observing this field, a stream of red corpuscles in 
single  file  began  to  flow with  moderate  speed  from  the  periphery 
towards the serum centre of the drop.  The corpuscles traversed a 
tortuous path,  colliding with stationary corpuscle groups, leucocytes, 
fibrin  networks or  squeezing their way between these obstructions. 
During this obstacle  race one or another of the red corpuscles was 
abruptly anchored in  the fairway by a  fibrin thread which suddenly 
appeared on one side of the corpuscle.  The originally round or oval 
structure now elongated and retracted, swaying on its fibrin filament as 
it was buffeted in the narrow channel by the passage of companion 
corpuscles and serum.  At  times this  fixation was but momentary; 
the fibrin thread ruptured and now a  pear-shaped corpuscle hurried 
on its way, retracting during inspection first into a  coarsely crenated 
form, then into  a  thorn-apple  form with more numerous and more 
pointed crenations, and finally into a typical microcyte covered on all 
visible  surfaces with still more numerous fine, thin  spicules.  These 
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microcyte 5# in diameter, with smooth surfaces and dense hemoglobin 
tint had been formed (Fig. 2,  Group G).  The time consumed in the 
transition from pear shape to the coarsely crenated form may beless 
than 1 second; the next stages to the final microcyte may be completed 
in 5 to 10 seconds. 
If the pear-shaped  erythrocyte is  fixed for  a  longer  time  in  the 
stream bed, one observes that both the fibrin thread and the corpuscle 
elongate when passing cells brush by.  During one of the recoveries 
from  these  distortions,  a  few  crenations  suddenly  appear.  These 
crenations become more numerous and finally when the fibrin anchor 
breaks,  a  coarsely  crenated  corpuscle  rolls  down  the  passageway. 
The  whole process  may be  completed in  5  to  10  seconds  (Fig.  2, 
Group H).  This crenated form generally does not change to a micro- 
cyte during subsequent minutes. 
The rapid  changes described above were observed only when the 
corpuscle was subjected to distortion.  If traumatism was lacking, if a 
corpuscle passed slowly through the channel and exhibited but little 
change in contour during its transit, this corpuscle preserved its round 
or oval shape.  Moreover, the entire change of form exhibited by the 
corpuscles was produced during passage through the channel and then 
the structures maintained their attained shape  in  the quiet  central 
serum pool for at least 30 minutes.  In this central serum pool the 
forms  were  arranged  roughly  from the  periphery to  the  centre  as 
follows:  Coarsely  crenated  or  round  corpuscles,  finely  crenated 
corpuscles and then microcytes. 
The  transformations described above were noted dozens of times 
during a 44 minute period of observation in one rabbit blood specimen. 
The same complete process was also seen in another rabbit preparation 
which was 2 hours old.  Various stages of the process were also noted 
in human and guinea pig blood. 
4.  The fourth method of producing microcytes is this:  The hemo- 
globin stroma of a corpuscle suddenly retracts or contracts with a jerk 
into a  rounded, dense, yellow-brown mass which separates smoothly 
from a  section of the surface pellicle and darts to one side of the red 
cell, leaving a  space filled with clear liquid.  At the same time the 
corpuscle may become pear-shaped  as  if  anchored by  an  invisible 
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now appears as a grayish white, fairly refractile and apparently doubly 
contoured pellicle which resembles the wall of a blood shadow.  There 
is no observable change in that part of the surface layer which remains 
in contact with the hemoglobin mass.  The whole process occurs with 
startling abruptness and is complete in a  fraction of a  second; it was 
directly  observed  only  twice  in  my  entire  experience  and  in  both 
instances occurred in preparations from two different rabbits.  In one 
of them (Fig. 2, Group I) the corpuscle involved had been continuously 
watched for 77 minutes in order to observe the process of laking when 
the  retraction  took place.  During the  next  37  minutes the  sheath 
of the microcyte became somewhat smaller, but remained pear-shaped 
and its contents clear (Fig. 2, Group I). 
Although the process itself was only seen twice in action, its results 
were noted frequently in guinea pig,  rabbit  and human  blood.  In 
guinea Pig blood this type of microcyte appeared within 30  minutes 
after making the hanging drop; in rabbit blood within 1 to 25 hours, 
and in human blood within 50 minutes. 
In  both guinea pig  (Fig.  2,  Group  K,  No.  4)  and human blood, 
short fibrin threads were seen attached to the apex of the pear-shaped 
pellicle; in other instances however the pellicle showed no fibrin thread 
and no definite deformation of contour. 
The liquid contents of the space between the microcyte and pellicle 
is not always  clear,  but may show a  slight yellow tinge as if  some 
hemoglobin had gone into solution. 
Microcytes  of  the  type  described  in  this  section are perhaps not 
formed solely from ordinary red corpuscles for apparently the same 
process  may  occur  in  fusing  red  corpuscles.  In  Fig.  2,  Group  K, 
Nos.  2  and 3,  pairs of typical microcytes are sketched which are or 
were enclosed in a single pellicular sheath.  The development of these 
microcyte  pairs  was  not  seen, but  it seems legitimate  to  interpret 
them as examples of the Type 4 process occurring in fusing corpuscle 
pairs.  It is interesting to note on the basis of this interpretation that 
the  force of the  stromatic  contraction or  recoil was so  violent that 
rupture  at  the  site  of pellicular  fusion occurred  (Fig.  2,  Group  K, 
No. 2); furthermore, No. 3 demonstrates that the entire hemoglobin 
stroma may tear away from the surface layer,  so that the resulting 
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Reversibility  of the Process Forming Microcytes.--The reversion of a 
typical microcyte to a  fairly normal erythrocyte was seen only once, 
but this single instance was especially valuable because the formation 
of this macrocyte by the process sketched in Fig. 1, Group E, had been 
directly observed.  This single red cell therefore was first changed to a 
microcyte and then back to a  fairly typical erythrocyte.  The trans- 
formation occurred in a  specimen of rabbit blood.  After formation of 
the microcyte this structure suddenly moved in the field and now two 
fibrin threads at opposite  sides became visible.  During inspection, 
the microcyte elongated into a  stubby spindle, due to the pull of the 
fibrin filaments.  Mter a while the fibrin threads suddenly were seen 
to break at their peripheral attachment and roll up into two, fluffy, 
slightly refractile balls  which came to  rest on opposite  sides of the 
cell.  At the same time that the fibrin threads ruptured, the spindle 
microcyte swelled in its transverse surface diameters, became perfectly 
round and now exhibited a definite central delle.  The hemoglobin tint 
was paler than that of the parent microcyte and the size of the cor- 
puscle was slightly smaller than that of a  normal erythrocyte (Fig. 2 
Group F).  It is therefore clear that the process of forming a microcyte 
of this type is reversible, and that the essential architecture of a  red 
corpuscle is not destroyed by its compression into a microcyte. 
Stagnating  Blood,--No  increased  production  of  microcytes  was 
seen in preparations of blood which had been previously allowed to 
stagnate for 5 to 10 minutes in its normal channels. 
Bone Marrow and Spleen.--In hanging drop preparations made with 
Ringer  solution  or  physiological  saline,  no  increased  formation  of 
microcytes was  seen.  As  in  ordinary blood  specimens, microcytes 
appeared within 3 to 6 minutes after making the suspension; most of 
them possessed numerous, very thin, short spicules and seemed to be 
formed via the crenation route.  No attempt was made to follow the 
process in a single cell.  The microcytes became more numerous with 
increasing age of the preparation. 
DISCUSSION 
In the following analysis of the chief morphological and functional 
manifestations  observed  in  red  corpuscles, it  must be  remembered 
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coagulated in a miniature, sealed, moist chamber at room temperature. 
No distinction is made between the various species of blood because 
the  general processes appeared to  be  the  same in  all.  It  may be 
permissible to  point out again that most of the experimental data 
were obtained from the guinea pig, rabbit and human subject and that 
the described procession of changes was directly observed in a selected 
cell or group of cells. 
Formation of Macrocytes  and Microcytes.--The  evidence presented 
on preceding pages gives convincing proof for the first time to my 
knowledge,  that  erythrocytic  macrocytes  and  microcytes  form  at 
room temperature in hanging drop preparations of normal, undiluted, 
coagulating blood.  It is doubtful whether or not these changes occur 
under normal conditions in the capillary channels and sinuses of the 
body.  The  few experiments with stagnating blood and with bone 
marrow and spleen pulp reported previously are inadequate for a final 
answer, but as far as they go, they speak against this assumption. 
It may be noted however that the spleen and bone marrow experiments 
were  not  exactly  comparable  to  the  blood  preparations, because 
physiological saline or Ringer solution had to be added; in addition 
all the spleens examined were in a state of strong contraction.  It is 
conceivable  that  red  corpuscles  enfeebled  by  age,  moving  slowly 
through the crowded sinuses of the spleen might readily exhibit some 
of the changes described above (Fig. 2, Groups G and H).  Similarly 
under  pathological  conditions,  for  example  the  various  types  of 
anemia,  it  is possible that  some of the macrocytes and microcytes 
may be of peripheral origin; N~geli's macrocytes  7 in chlorosis may be 
the result of a fusion between red corpuscles. 
Since red corpuscles may fuse when apposed border to border, it is 
conceivable that the same fusion will take place when the flat surfaces 
of red corpuscles are touching each other.  This process, however, I 
have never definitely seen.  Numerous times red corpuscles of normal 
size and contour were encountered which had a  hemoglobin tint as 
deep as that of microcytes.  Possibly they were formed by the fusion 
of microcytes (Fig.  1,  Group C) or by the process mentioned above. 
Membrane or Condensation  Product.--The observations made on the 
N~igeli, O., in Schittenhelm, A., Handbuch der Krankheiten des Blutes und 
der blutbildenden Organe, Berlin, Julius Springer, 1925, 1, 22. 562  RED  CORPUSCLES~ MACROCYTES~ AND  MICROCYTES 
formation and laking of macrocytes throw some additional light upon 
the  old  and  much  discussed  problem  whether  a  true,  anatomical, 
delimiting membrane exists in the mammalian erythrocyte, or whether 
the surface layer is a  condensation product of the stroma. 8 
Without entering  into  unnecessary  detail  concerning  this  perhaps  academic 
problem, it seems that the observations  recorded in this paper indicate  that the 
surface layer is rather a condensation  product of the stroma than a fixed, definite 
anatomical membrane.  Thus  when  two corpuscles begin to fuse, the apposed, 
now intracorpuscular  surfaces seem to separate  within  a  few minutes  into their 
constituent  fibrils  and  become  integral  parts  of  the macrocyte stroma.  The 
progress of this incorporation appears to be indicated by the gradual disappearance 
of the surface groove, of the septum itself, by the appearance of a round or siighfly 
oval shape, and by the redistribution  of hemoglobin so as to form a homogeneous 
tint when a dense microcyte fuses with a corpuscle of lesser hemoglobin concentra- 
tion (Fig. 1, Group B).  Upon laking, the macrocytic shadow reveals no septum if 
the fusion was complete; if incomplete, a partition separates  the shadow into two 
compartments.  Hemolysis  at  times  discloses a  septum when  none  was visible 
in the macrocyte. 
In one interesting  observation  (Rabbit X 3-115) there was evidence that up to a 
certain point the process of changing the septum into stroma fibrils is reversible: 
an oval macrocyte 9~ long with a single septum was under observation until the 
septum became invisible and only a slight indentation of the outline still betrayed 
the pull of its fibrils.  Upon hemolysis of this macrocyte, three round shadows 
appeared,  each touching its two companions; the diameter of each shadow was 4#. 
Here apparently the original surfaces of the three microcytes were reformed when 
hemolysis  occurred.  This  observation,  however,  is  unfortunately  incomplete: 
the hemolysis was not observed directly; it took place while the eye was inspecting 
another section of the field.  Upon return to the place formerly occupied by the 
macrocyte,  the  three  microcyte shadows  were  found  in  its  stead.  No  other 
noticeable change had occurred in this field. 
An additional  indication  that  the surface  layer is a  modified stroma,  is  the 
presence of a pigment, probably hemoglobin, in the surface layer itself:  when two 
corpuscles fuse, the apposed surfaces present  themselves as a whitish, moderately 
refractile  septum which  resembles  the  wall  of a  blood  shadow.  Incorporation 
of the septum apparently begins by removing the pigment  bound to the surface 
8 For a review of the literature  see Michels, N. A., Haematologica, Recensioni, 
1931, 2~  No. 3, 32  (reprint);  Stewart,  G.  N., J. Pharmacol. and Exp.  Therap., 
1909-10, 1~ 74; Brodersen, J., in von MSllendorf, W.,  Handbuch der mikroskop- 
ischen  Anatomie  des  Menschen,  Berlin,  Julius  Springer,  1927, 2~  pt.  1,  596; 
Krumbhaar, E. B., in Cowdry, E. V., Special cytology, New York, Paul B. Hoeber, 
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layer.  The ready visibility of the extremely slender spicules  often seen on crenated 
microcytes also indicates the presence of a pigment in the surface layer. 
State  of  Corpuscular  Hemoglobin2--It  is  inferred  by  many  in- 
vestigators that hemoglobin exists in the corpuscle as a loose physico- 
chemical compound.  In  the present paper  evidence has  been pre- 
sented that the hemoglobin of an intact corpuscle may be present in a 
bound,  undissolved form  (Fig.  2,  Group  I).  In  these observations 
the hemoglobin stroma was seen tearing away from the surface layer 
and contracting into a rounded dense brownish yellow mass, leaving a 
clear liquid  between itself and  the surface layer.  The  clear liquid 
possibly  represents  material  which  was  present  in  the  hemoglobin 
stroma  interstices,  mixed  perhaps  with  serum  components  which 
filtered through the surface layer.  Obviously no volume determina- 
nations of the various stages observed could be made. 
Hemolysis.--The laking of macrocytes was observed numerous times 
and three different types could be distinguished.  The fulminant type 
in which the hemoglobin is lost in a  fraction of a second, has already 
been described.  In the second type, the initial loss of hemoglobin is 
rapid; but then the process slows and many minutes pass before the 
macrocyte attains  the same tint  as  the surrounding serum  (Fig.  1, 
Group A).  The third type is characterized by a slow, equable, loss of 
hemoglobin during 20 to 80 minutes. 
The fulminant type is particularly interesting because of its starting 
abruptness  and because the resulting shadow is at times paler than 
the background.  Although the available data are insufficient to permit 
a full analysis yet a picture of the process may be constructed if these 
data  are  joined  together by some assumptions.  The observational 
9 For a general survey of hemolysis  see Stewart, G. N., J. Pharmacol. and Exp. 
Therap., 1909-10, 1, 49-121; Mond, R., Protoplasma, 1927, 2, 126-134; Ponder, E., 
Brit. Med. J., 1927, 2, 295-298; Brinkman, R., in Bethe, A., yon Bergmann, G., 
Embden,  G.,  and  Ellinger, A.,  Handbuch der  normalen und pathologischen 
Physiologie, Berlin, Julius Springer, 1928, 6, 1st half, pt.  1, 567-585; Brodersen, 
J.,  in  von  M6Uendorf, W.,  Handbuch  der  mikroskopischen Anatomie  des 
Menschen, Berlin, Julius Springer, 1927, 2,  pt.  1,  607; Krumbhaar,  E.  B.,  in 
Cowdry, E. V., Special  cytology, New York, Paul B. Hoeber, 1928, 1, 392. 
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facts  in  fulminant  hemolysis  are:  (1)  a  slight,  momentary,  general 
jerk  of  the  macrocyte  precedes  hemolysis;  (2)  this  jerk  does  not 
deform or tear  the  surface layer;  (3)  after the jerk,  the hemoglobin 
leaves the macrocyte in a  fraction of a  second;  (4)  the visible surface 
area of the macrocyte and the resultant  shadow are the same;  (5) the 
shadow is paler at  times than  the  surrounding  serum.  Since it has 
been  demonstrated  that  the  hemoglobin  stroma  of  a  red  corpuscle 
may retract or contract with a  jerk  (Fig. 2,  Group I), it is justifiable 
to  interpret  the  initial  jerk  as a  sign  of vigorous,  general stromatic 
shortening.  Since  the  macrocytic  shadow  contained  little  or  no 
hemoglobin,  it may be inferred that  most of the hemolysis occurred 
at or in the surface layer.  This supposition demands a  concentration 
of the hemoglobin in a  non-dissolved form at the internal  surface of 
the  macrocyte.  Such  a  concentration  could be  readily  produced  if 
the  hemoglobin  stroma  ruptured  in  the  equatorial  portion  of  the 
macrocyte,  at  the  site  perhaps  where  the  original,  component  cor- 
puscles fused, while its anchorage to the surface layer remained intact. 
Ruptures  approaching  this  type  are  sketched  in  Nos.  2  and  3  of 
Fig.  2,  Group  K. I°  Under  these  conditions  the  retracting  or  con- 
tracting  hemoglobin  stroma  would impinge  with  some force on  the 
inner aspect of the surface layer and this force could drive the hemo- 
globin  into  the  surrounding  medium  if  solution  of  the  hemoglobin 
occurred at or in the surface layer.  Evidence of this force is seen in 
No. 2, Group K, where the surface layer was ruptured. 
What the particular change in the surface layer is that brings about 
hemolysis cannot  be answered with  the  data  at  hand. n  It may be 
stated,  however,  that  the  surface layer reveals other  changes which 
10 This type of tearing of the stroma was never seen directly, but its results are 
not infrequently  noticed in  hanging drop  preparations.  A slow, gradual  con- 
centration  of hemoglobin into  a  peripheral ring was observed in  ordinary  red 
corpuscles and  in microcytes, but never  in macrocytes; in  these instances ap- 
parently,  a  slow relaxation of the central  stroma  occurred without  hemolysis. 
Ring-shaped concentrations of hemoglobin have been described and figured by 
Maragliano, E., and Castellino, E., Z. klin. Med., 1892, 20, 427, Plate V, Series G, 
Fig. 7. 
11 See Ponder, E., Brit. Med. J.,  1927, 2, 295-298, for the various hemolytic 
systems; and Mond, R., Yrotoplasma,  1927, 2, 126, for the physicochemical basis 
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indicate a  loss of elasticity and flexibility.  This increased rigidity 
develops  rapidly  and  immediately precedes  hemolysis.  Thus  the 
macrocyte may exhibit transitory, local, broad based bulgings of slight 
depth  some  minutes  before  fulminant  hemolysis,  indicating  the 
presence of flexibility and elasticity, yet the initial general jerk caused 
no change in the contour, nor did the subsequent expulsion of hemo- 
globin produce any change in size of the visible surface area; in addition 
the surface layer lost its pigment and became at once grayish white and 
slightly refractile.  All these observations point to alterations of the 
surface layer which may well be  associated with one  that  induces 
hemolysis. 
The other two types of spontaneous hemolysis observed in macro- 
cytes are  explicable on  the basis  of stroma contraction and  intra- 
corpuscular hemolysis plus diffusion, or only intracorpuscular hemoly- 
sis with diffusion may be operative.  The initially rapid and then slow 
loss of hemoglobin may thus be  caused by a contraction of the hemo- 
globin stroma towards the surface layer which is at first rapid enough 
to expel the dissolved hemoglobin forming at or in the surface layer, 
but which then slows sufficiently for the hemolytic process to progress 
from the surface layer to the intramacrocytic hemoglobin stroma  so 
that  dissolved hemoglobin is liberated in  the macrocyte itself;  this 
dissolved hemoglobin then  diffuses out  of the  macrocyte.  In  this 
type of hemolysis no initial jerk of the macrocyte was seen, indicatin  K 
that the stroma contraction if present was gradual in its onset.  In 
the last type, it is probable that intramacrocytic hemolysis occurred 
from start to finish; this liberation of hemoglobin in a dissolved form 
appeared to be slow, for the macrocyte never looked transparent, but: 
was always opaque. 
Volume Changes.--No volume determinations of macrocytes were., 
possible because these structures did not roll over so  as  to  permit: 
thickness  measurements.  Occasionally,  it  is  true,  a  temporary~ 
lenticular outline was observed, but I never could decide whether thi~ 
represented a  side view or a variation in the contractile state of the 
stroma.  In macrocytic shadows also  no depth measurements were: 
feasible  because  of  their  stationary  position.  With  microcytes, on 
the other hand,  thickness could be measured a  few times in rabbit 
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cylindrical,  with rounded ends,  5# long and 2.5  to 3# thick and  the 
diameter  of  the  flat  circular  surface was  generally  5#.  Calculated 
as a  cylinder the volume would be 53#3; the volume of the microcyte 
however would be less than  this because of the rounded ends.  The 
volume of a normal rabbit red corpuscle (7 x 7 x 2.25/z) calculated as a 
cylinder with flat  ends would be 86.6#3;  allowing  a  20 per  cent de- 
duction  1~  for  the rounded edges and  the  delle,  the volume would be 
60.3#  3.  It  thus appears  that  the microcyte has  definitely a  smaller 
volume than a normal red corpuscle. 
Since hemoglobin forms a  considerable fraction of the  corpuscular 
volume, the failure of a macrocyte to exhibit a decreased visible surface 
area  after  fulminant  hemolysis  requires explanation.  Evidence has 
already  been  submitted which indicates  an  increased  rigidity  of the 
surface layer in the laking macrocyte and therefore the loss of hemo- 
globin could only be compensated by a  collapse of the two flattened 
sides towards each other, or by the entrance of liquid serum components 
into the shadow or by a  combination of these two processes.  As the 
shadow  was  occasionally  paler  than  the  hemoglobin-stained  back- 
ground for a  period of time after fulminant  hemolysis had occurred, 
it  seems probable  that  this  pallor  was  caused by a  collapse  of  the 
flattened sides so that a  double thickness of the wall was seen.  The 
gradual  change  of  the  shadow  to  the  color  of  the  background  is 
perhaps  attributable  to  entrance  of the  surrounding  serum  into  the 
shadow through the permeable surface layer.  It is regrettable that no 
side view of such shadows could be obtained. 
Elasticity,  Flexibility,  Selective  Permeability.--These  qualities  are 
generally  attributed  to  the  red  corpuscle,  particularly  the  surface 
layer, and with them as aids we may perhaps arrive at an explanation 
of some if not all of the changes sketched in Figs. 1 and 2, Groups D, 
E,  F,  G,  H,  I  and  K.  It  should  be  noticed  that  the  capacity  to 
elongate and shorten is not always the same in the surface layer and the 
hemoglobin  stroma.  In  Groups  D,  E  and  I  the  entire  corpuscle 
1, For volume determination of single red corpuscles  see Welcker, H., Z. rationdl. 
Med., 1864, 19, series 3, 266; also G~tze, R.,  Z. Konstitutlonslehre, 1924, 9, 239. 
Welcker deducts 19.3 per cent from the cylinder volume as compensation for the 
rounded edges and the deUe  in human corpuscles; G6tze, by a geometrical method, 
found 18.5 per cent in pig, and smaller values in horse, cattle, sheep and goat. JOHN  AUER  567 
elongates and shortens as a whole while in Groups I and K practically 
only the hemoglobin stroma  shortens  vigorously and  abruptly,  the 
surface  layer  having  lost  most  of  this  capacity.  Furthermore the 
surface layer and hemoglobin stroma show local variations in extension 
and shortening which exhibit themselves as mamillary and papillary 
bulgings.  In Groups G and H  these papillae were apparently the re- 
sult of repeated, transitory rises in  intracorpuscuiar pressure.  The 
papillae were short, broad based, with a blunt tip at first; more or less 
rapidly  these  coarse  crenafions may become progressively  thinner, 
more pointed and, curiously enough, more numerous while the cor- 
puscle decreases in size and assumes a deeper hemoglobin tint.  Finally 
the resultant  spicules disappear  and now the surface layer has  ap- 
parently shortened so as to  present a  perfectly smooth outline and 
surface. 
The conditions under which a dense microcyte without delle enlarges 
to a fairly normal red corpuscle with a delle, are less easily accounted 
for (Fig.  2,  Group F).  The appearance of fibrin filaments indicates 
that  the  microcyte  content  was  under  tension  and  that  the  per- 
meability  for  intracorpuscular  fibrinogen  TM  was  locally  increased. 
What  r61e the stretching of the microcyte played in  producing the 
final transformation cannot be stated.  As no thickness measurements 
were possible, we do not know whether the increase in size was due to 
the entry of serum liquids or whether the surface layer and hemo- 
globin stroma relaxed, becoming wider and thinner without any sig- 
nificant volume change. 
S~A_R¥ 
In hanging drop preparations of normal blood from various species 
of  animals  including  man,  the  following  processes  were  directly 
observed for the first time: 
1.  The process of fusion between two red corpuscles so as to form a 
round or slightly oval macrocyte with normal hemoglobin content, a 
diameter of 10#+ and no delle. 
These macrocytes appear to be slightly thicker in the centre than 
at the periphery.  No thickness measurements could be made. 
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2.  The  process  of fusion  between  two microcytes  each  5#4-  in 
diameter, so as to form a  red corpuscle of approximately normal size 
but with dense hemoglobin and no delle. 
3.  The process of fusion between a  red corpuscle and a microcyte, 
forming a macrocyte slightly larger than a normal red corpuscle and 
exhibiting a normal hemoglobin tint but no delle. 
4.  The process of microcyte formation from red corpuscles was seen 
occurring in four different ways:  (a)  By the intermittent compression 
of a  single red corpuscle by the pull of three or more fibrin threads 
attached to the corpuscle.  (b)  By the steady, continuous compression 
of a  single red corpuscle by the pull of two polar fibrin threads.  (c) 
By intermittent rises of intracorpuscular pressure in a  red corpuscle 
due to trauma.  (d)  By avulsion and retraction or contraction of the 
hemoglobin stroma from the intact surface layer of a red corpuscle. 
Thickness measurements in single microcytes were made in rabbit 
blood. 
5.  The process of a  typical microcyte with dense hemoglobin and 
no delle changing back to a fairly large red corpuscle with practically 
normal hemoglobin tint and with a delle. 
6.  Macrocytes were seen expelling their hemoglobin in  a  fraction 
of a second and turning into shadows which were often paler than the 
background, but without any decrease in the visible surface area or 
change in the contour. 
7.  Extensibility and retractibility (or perhaps relaxation and con- 
traction) may be exhibited by the corpuscle as a whole, by local sec- 
tions of both surface layer and stroma, or retractility (contractility 
(?)) may be shown by the hemoglobin stroma alone. 
On the basis of observational evidence it is inferred that: 
1.  The  surface layer of  a  red  corpuscle is  probably  a condensed 
stroma rather than an anatomically defined membrane. 
2.  A pigment, probably hemoglobin, is present in the surface layer. 
3.  The surface layer of red corpuscles becomes rigid before or during 
spontaneous hemolysis. 
4.  Hemoglobin exists in an undissolved form in the intact red cor- 
puscle. 
5.  The  transverse  diameter  of  microcytes  (5#4-)  represents  the 
maximal shortening of which this diameter is capable in normal red jom~ ARE/:  569 
corpuscles  of  man,  rabbit  and  guinea  pig  under  the  conditions 
studied. 
6.  Fusing red corpuscle are destroyed by repeated washings with 
Ringer solution. 
7.  In stagnating blood there is no increase in fusion forms, nor in 
the production of microcytes. FIG.  1 
Croup .4.--Human blood (A.G.P.); X  4-87.  Hemoglobin 80 to 90 per cent (es- 
timated).  2.37.  Hanging drop prepared; room temperature 25.8°C.  3.10.  Fusing 
reds  13#;  constriction,  septum  well marked.  Hb  tint  normal; no delle.  3.12. 
Septum gone; Hb as before; constriction marked; diameter no change; no delle. 
3.13.  Constriction shallower; no septum; Hb same.  3.15.  Outline now smooth; 
no septum; Hb same; 13 x 9.1#.  3.18.  Rounder; 11.7 x 9.7#; Hb same; no septura; 
no  delle.  3.23.  Same.  3.25.  Slightly  smaller,  10.4  x  9.1#;  Hb  same.  3.31. 
Same;  10.4  x  9.1~.  3.38.  Same.  3.39.  Perhaps  slightly  paler.  3.40.  Quite 
pale;  perhaps  slight  constriction  on  upper  side.  3.44.  Very pale;  difficult  to 
measure, 11.7 x 9.1#.  3.47.  Same; room temperature 25.7°C.  3.49.  10.4 x 8.4#; 
difficult to measure; slightly oval.  3.51.  Same.  3.59.  Barely perceptible; almost 
same color as background.  4.05.  No longer seen. 
Group B.--Black-gray rabbit, female, 2400 gin.; not pregnant; X 3-135.  Hemo- 
globin  (Dare)  66  per  cent.  Room  temperature  22.6°C.  1.25.  Hanging  drop 
prepared.  1.38.  Fusion  of  red  corpuscle  and  microcyte;  septum  plain,  with 
groove; Hb  normal  for each.  1.39.  No  septum  visible;  no  delle.  1.43.  Egg- 
shaped; no change in Hb.  1.44.  Hb less than in original microcyte.  1.49.  No 
~:hange.  1.55.  No  change;  oval.  1.57.  Practically  round;  Hb  same.  1.59. 
Again slightly oval; Hb perhaps slightly paler.  2.00.  During observation pales 
abruptly; shadow same size.  2.01.  Oval shadow. 
Group C.--Same rabbit as in Group B.  Same preparation.  Same day.  2.10. 
Two microcytes, dense Hb, beginning to fuse; no delle;  septum marked  10.4 x 
5.8/~.  2.12.  Waist  less  marked,  shifted  towards  one side; septum distinct; Hb 
dense  5.8  x  9.1#.  2.15.  Septum  barely  visible;  6.5  x  8.5#.  2.17.  Oval mass; 
dense Hb; no septum visible.  2.19. No change; Hb dense as in original microcyte. 
2.22.  Rounder;  Hb  same.  2.25.  Slightly  oval;  Hb  same.  2.27.  Practically 
round; no delle,  7.8 x 8.4#; Hb same; no septum.  2.29.  No change.  2.31.  No 
change.  2.32.  Suddenly pales.  2.32½. Shadow 7.8 x 8.4#; round; same color as 
background; room temperature 21.8°C. 
Group D.--Guinea pig, male,  610 gin.; X  3-24.  Hemoglobin (Dare)  106  per 
cent.  1.25.  Hanging  drop  prepared.  1.26.  Spindle  and  pear-shaped  reds  in 
periphery of drop.  1.29. See description of a pear-shaped red corpuscle changing 
to a  microcyte on page 556.  The fibrin threads  at  the angles of the corpuscle 
were not equally visible.  The various shapes were maintained for a short period 
of time and the change then occurred with a snap.  No measurements made; no 
time.  1.30.  Typical microcyte. 
Group E.--Guinea pig, male,  650 gin.; X  3-28.  Hemoglobin (Dare)  109 per 
cent.  9.40.  Hanging drop prepared; ear vein.  9.41.  Angulated reds in periphery 
of drop;  no fibrin  threads  visible  at  angulations.  9.45.  Spindle  red  observed 
becoming smaller; decrease symmetrical; Hb tint  becoming deeper; no movement. 
9.47.  Spindle red smaller;  fibrin thread at upper pole longer, point of attachment 
not visible; fibrin thread at lower  pole visible  for short distance.  9.49.  Now a 
stubby spindle microcyte; dense Hb;  no delle; total  length  from tip to tip 10.4/~, 
width 5.2/z. 
The same process occurred in a few seconds in Rabbit X  3-40; this blood prep- 
aration was 65 minutes old. 
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Group F.--Red rabbit, male,  2800 gm.; X  3-15.  Hemoglobin (Dare)  90 per 
cent.  Room temperature 65°F.  9.32.  Hanging drop ; ear vein.  9.34.  Redslake 
in  periphery of drop.  9.37.  Spindle reds;  fusing reds;  occasionally three  reds 
fuse.  10.20.  Formation of a  typical microcyte from a  spindle red observed and 
sketched  (omitted  here;  same  as  in  Group  E).  This  microcyte was observed 
changing back to fairly large red corpuscle with a delle; see description on page 560. 
No time for measurements. 
Group G.--Gray rabbit, female, 2600  gm.; not pregnant apparently; X  3-140. 
Hemoglobin (Dare)  72 per cent; blood specimen 25 hours old.  3.00 to 5.00 p.m. 
Reds round or pressed together in periphery; no delle; 6.5/z in diameter.  Sudden 
flow of red corpuscles in single file towards middle of drop.  Red corpuscles seen 
changing to crenated forms and then to typical microcytes in 10 seconds or less. 
See description on page 557. 
Group H.--Same preparation.  Pear-shaped reds whose fibrin attachment did 
not  rupture  immediately after fixation in  the  stream  bed.  See description on 
page 558. 
In Groups G and H  no measurements were made because the changes were too 
rapid.  All the transformations sketched in G and H  were seen dozens of times in 
this preparation in as many different cells. 
Group/.--Gray rabbit, male, 2800 gm.; X 4-7; Hemoglobin (Dare) 85 per cent. 
Room temperature 24.0°C.  Preparation 25 hours old.  3.29.  Red 7.8# diameter; 
no definite delle; good Hb.  3.30-3.47.  No definite change.  3.47.  Outline shows 
slight  slow  bulgings;  no  quivering;  7.8#.  3.47-3.59.  Same;  Hb  as  before;  no 
delle; 7.8/z.  4.03-4.30.  7.8/z.  4.34.  Oval, 7.8 x 6.0#.  4.42.  During observation 
jerk occurred and Hb shot as a yellow ball to one side of red; clear space between 
Hb ball and wall; pear shape; process complete in fraction of second; 7.8# x 4#; 
see page 558.  4.46.  Shell closer to  microcyte.  4.47.  No  fibrin thread visible; 
Hb ball dense; 5.2 x 4#.  4.55.  Still as before; clear space, not tinted; no spicules. 
5.03.  No change.  5.13.  In same field two other reds with Hb ball torn away from 
pellicle; not present before.  5.19.  No change; room temperature 25 9°C. 
Group K.--Guinea pig, male,  950  gm.; X  1-12.  Hemoglobin (Dare)  106 per 
cent.  Four different corpuscles.  9.38.  Hanging drop; ear vein.  10.05.  No.  1, 
red with dense Hb, oval, 8# long; Hb partly separated from wall; Hb mass shows 
median  constriction.  Lost.  10.10.  No.  2,  two  round,  dense  microcytes each 
4.8#, connected by a thin membrane shred; upper membrane cuffed, angulated, as 
if  torn.  10.31.  No.  3,  two  oval,  dense  microcytes  in  hour-glass  membrane; 
space between microcytes and wall slightly yellowish; 4.8/z.  No.  4,  oval dense 
microcyte surrounded by a pellicle, with short fibrin thread; space slightly yellow. ® 
@ 
]'OHN  AUER  573 
~  AtSt~IT 
©-. 
tO:ZO  T a M r... ? 
LA  B~tT 
|  5~.c,  o1~o  OIL  tESS  5-1o  SLC,  OW~$ 
® 
® 
n,  #, i~ ~  } 'T 
5-]o  .~ LCOA  D5 
,0~  5  0~468,0t,, 
I  I  I,I,1,1,1,1 
f. A  b  B  t "r  SCALE, 
--,b 
4-:4-'/ 
G U I 'd r.., A  PiG 
6[3 
I.  ~.  3  . 
F]G.  2 